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SPARK IGNITION OF FLOWING GASES
By CLYDE C. SWETT, Jr.
SUMMARY
Research conducted at the NACA Lewis laboratory on igni-
tion of flowing gases by means of long-duration discharges is
summarized and analyzed. Data showing the effect of a flowing
combustible mixture on the physical and electrical characteristics
of spark discharges and data showing the effects of variables on
the spark energy required for ignition of the combustible mixture
are presented. A theory of ignition that has been developed to
predict the effect of many of the gas-stream and spark variables
is described and applied to a limited amount of experimental
data.
The trends observed]or ignition in flowing gases were similar
to those observed in quiescent gases with the exception that in-
creasing velocity and turbulence increased the ignition energy
requirements. Lengthening of the discharge path by the flowing
stream results in less energy being available to the important part
of the discharge length. Flow also causes multiple discharges
which should be avoided since they represent an energy loss.
Less energy is required for ignition with an "arc" discharge
than with a "glow" discharge. Effects o] most of the variables
on ignition energy requirements were predicted by theoretical
equations; the effects of fuel-air ratio, however, required an
empirical correction to the equations.
INTRODUCTION
Spark discharges are ordinarily used as the ignition source
in aircraft engines. While such discharges are normally
reliable sources of ignition, difficulty in starting jet engines
has been encountered under these conditions :
(1) Ground starting in cold climates
(2) Altitude starting of auxiliary engines
(3) Altitude restarting of engines after flame blowout
Basic information on spark ignition of flowing gases might
indicate the reasons for these ignition problems and might
lead to tile development of lighter weight, more efficient, and
more reliable ignition systems.
For these reasons, the NACA Lewis laboratory has studied
spark ignition in flowing gases; the object has been to promote
understanding of the ignition process. The results of this
work are reported in references 1 to 6. The present report
summarizes and analyzes these results and points OUtr their
significance in relation to practical ignition problems.
The fundamental aspects of ignition of flowing combustible
gases are considered in three sections of the report. First,
the effect of gas velocity on the spark discharge is considered.
The voltage necessary to form a spark, the physical shape of
the spark discharge, and tile electrical characteristics of the
discharge under flow conditions are discussed. Second, tile
energy required to ignite flowing gases is considered. The
parameters that affect the energy required for ignition are
presented. The trends observed are compared with those
observed with quiescent gases. Third, a theory which re-
lates the factors affecting ignition is described. Correlations
of experimental data based on the theory are presented.
The concluding section points out the significance of the
research in relation to practical ignition problems.
The following characteristics and parameters were investi-
gated experimentally:
(1) Spark characteristics:
Breakdown voltage
Spark-discharge length
Multiple discharges
Current
Voltage
Voltage distribution
Spark duration
Energy
Energy distribution
(2) Ignition energy parameters:
Velocity
Pressure
Fuel-air ratio
Temperature
Turbulence
Spark duration
Electrode spacing
Electrode diameter
Electrode configuration
Type of discharge
Electrode material
(3) Ignition theory parameters:
Velocity
Pressure
Fuel-air ratio
Temperature
Turbulence
Spark duration
Electrode spacing
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Most of the research was conducted at pressures of 2 to 5
inches of mercury absolute. Limitations of energy-measure-
ment equipment precluded operation at higher pressures
where the energy requirements would be reduced. Tile re-
search was conducted with two types of apparatus: (1)
simple flow equipment that had no provisions for controlling
turbulence and (2) equipment that had complete control of
turbulence level. Only one combustible gas, a propane-air
mixture, was used. This gas was ignited by a single long-
duration spark discharge obtained from a resistance-capaci-
tance ignition system.
SYMBOLS
CI_ C2, C3,
C4, C5
Cp
d_
Eact
Ec
El s
Ep
E,
i
J
L_
?n
7_
Pa_
Pz s
P
q
R
r
8
Ta_
T_
t
t_
U
Vc
Vt
x_
Xo
K
P
constant
constants
specific heat at constant pressure
quenching distance of quiescent mixtures
energy of activation
energy in cathode region
energy in line source of ignition
theoretical energy in lin.e source of ignition, re-
quired to heat ignition zone to flame tempera-
ture
energy in positive column
total energy of spark discharge
functions of intensity of turbulence
current in discharge
conversion factor, heat to electrical energy
longitudinal scale of turbulence
mesh size of turbulence promoter
constant
average power in total spark discharge
average power in line source of ignition
static pressure
heat of combustion of fuel
gas constant
radius of heated zone caused by energy in line
source of ignition
electrode spacing
ambient temperature
flame temperature
thickness of reaction zone across which the tem-
perature change is Tr--T_
time
spark duration
stream velocity
intensity of turbulence
cathode voltage drop
total voltage of discharge
mole fraction of fuel
mole fraction of oxygen
distance from turbulence promoter to spark
electrodes
thermal conductivity
density
work function of electrode
APPARATUS AND PROCEDURE
FLOW APPARATUS
The important features of the flow apparatus used are
shown in figures l(a) and (b). The complete systems are de-
scribed in detail in references 2 to 6. Basically, the appara-
tus produced controlled-flow conditions of premixed propane
and air in a test section in which the spark electrodes were
located. Provisions were made for observing the spark and
the fame. The criterion for ignition was appearance of
flame downstream from the electrodes. In the simple flow
apparatus (fig. l(a)), the pressure, temperature, and velocity
of flow were controlled. No attempt was made to vary the
turbulence. The controlled-turbulence flow apparatus (fig.
l(b)) had a series of fine mesh screens to reduce the turbu-
lance in a large section, a nozzle to accelerate the flow into
the test section, a plate for installing different turbulence
promoters upstream of the electrodes, and movable elec-
trodes for varying the distance between the electrodes and
the turbulence promoter.
mNmON SYSTF,M AND _.NERGY MEASUREMENT
The ignition and energy-measuring systems used are de-
scribed in detail in reference 3; they are shown schematically
in figure 1 (c). The condenser is charged and then discharged
through a combination of resistors to cause a spark discharge.
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FZc.URE 1.--Important features of flow apparatus and electrical
equipment used for investigating spark ignition of flowing gases.
SPARK IGNITION
The energy and duration depend upon tile relative values
of condenser capacity, the voltage, and the resistances.
The voltage of the discharge was reduced by means of a
balanced resistance-capitance voltage divider (ref. 3) and
applied to the vertical plates of the oscillograph. A current-
measuring resistance placed in series with the spark gap
produced a voltage that was applied to the horizontal plates.
These two voltages in conjunction with timing marks sup-
plied by an oscillator gave an oscillogram from which energy
and duration of the discharge could be determined.
Tile procedure used with this apparatus was as follows:
the desired flow conditions were set, and a spark discharge
was passed between the electrodes. Tests were run with
varying amounts of energy until the minimum amount of
energy that would cause ignition was determined. Then
one or more oscillograms were obtained depending upon
reproducibility at tile particular condition. A more de-
tailed description of tile procedure used to obtain and analyze
the ignition data is presented in references 1 to 6.
TURBULENCE MEASUREMENT
Descriptions of the hot-wire anemometer apparatus and
methods used to measure the turbulence are included in
reference 7. Single-wire probes measured the velocity
fluctuations in the longitudinal direction, and X-wire probes
measured the velocity fluctuations in the lateral direction.
A difference circuit was used in the lateral measurements
to obtain the difference in velocity fluctuations from tile
two wires of the X-wire probes. The spectrum of the
turbulence was analyzed by means of a wave analyzer. An
average-square computer totaled the kinetic energy in the
velocity fluctuations to give the intensity of turbulence.
Measurements of the turbulence were made as follows:
With the spark electrodes removed, the probe was inserted
into the test section and located so that the hot wire would
be at the center of the duct. After flow conditions were
established using air in place of the combustible mixture,
the intensity of turbulence was determined and a spectrum
analysis made to determine the scale of the turbulence.
CHARACTERISTICS OF SPARK DISCHARGES IN FLOWING
GASES
The characteristics of spark discharges in flowing gases
were determined using air or a propane-air mixture. The
ignition and energy-measuring system (fig. l(c)) was used
except for the breakdown voltage test, for which a simple
power supply was used.
BREAKDOWN VOLTAGE
The breakdown voltage, or the lowest voltage that will
cause a spark to be established between two electrodes, is
one of the primary considerations in selecting an ignition
system. The breakdown voltage of a spark gap in quiescent
gas increases with electrode spacing and gas density and, to
some extent, is dependent on the electrode configuration
(ref. 8). The effect of gas velocity on voltage must also be
known, since in aircraft jet engines a flowing fuel-air mix-
ture must be ignited.
Figure 2 shows the effect of velocity and pressure on the
direct-current breakdown voltage of _{6- and _6-inch-diameter
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electrodes in air. These electrodes result in experimental
data obtained under nonuniform (distorted) electrostatic
field conditions. These data lie below Paschen's curve
obtained for uniform or undistorted fields (ref. 8). For the
larger electrode there is no effect of velocity on breakdown
voltage. For the smaller electrode there may be a slight
effect of velocity; however, for practical purposes the effect
is negligible. Hence, it may be concluded that flowing
gases do not have an adverse effect on the breakdown voltage
of a spark gap.
SPARK-DISCHARGE LENGTH
The spark discharge established in a flowing gas ionizes a
small channel of the gas. This ionized channel is subject
to the motion of the stream. Therefore, the discharge
should move with a velocity identical to the stream velocity.
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FIGURE 2.--Effect of pressure on direct-current breakdown voltage
of spark gap in air. Temperature, 80 ° F; electrode spacing,
0.250 inch. (Data from ref. 1.)
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FIGURE &--Model of spark discharge in flowing gas showing length-
ening of discharge path with time. (t, time; t,, spark duration.)
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Tile length of the discharge then varies with time and the
shape approximates that shown ill figure 3. At the instant
the discharge is first established (t=0) in the flowing stream
of velocity U, the discharge passes in a straight line between
the electrodes. However, at some later times t and t_ (tile
instant the discharge ceases), the ionized path moves down-
stream and the discharge has the forms shown in figure 3.
The paths shown in figure 3 are idealized; actually, consider-
able rounding of the discharge where the horizontal and ver-
tical portions intersect would be expected. In theoretical
analyses presented herein such rounding is neglected.
The distance traveled by the discharge at any time t is Ut,
and the maximum distance traveled by the discharge is Uts.
Some visual measurements have been made of the effect of
U on the maximum distance traveled (fig. 4). Tile distances
agree within 12 percent with the values calculated by multi-
plying U and L. The reasons for this large discrepancy
may be that tile technique for measuring durations was not
fiilly developed at the time this particular set of data was
obtained and that visual measurements were not very
accurate.
The total spark length is made up of the horizontal and
vertical lengths of the discharge and is equal to s+2Ut for
rely time less than tile discharge duration and s+2Uts for
the discharge duration. The vMue s+2Ut_ is the maximum
length that the discharge attains; rounding at the corners
(fig. 3) shortens tile length.
MULTIPLE DISCHARGES
The length and, hence, the resistance of the spark discharge
are directly proportional to tim stream velocity and time, so
that for constant current the discharge voltage must increase
with UL. If this voltage increase is large enough to reach
the breakdown voltage of the spark gap, a second spark is
established directly between the electrodes, and the new
discharge in turn also moves downstream. The first dis-
charge ceases at the formation of the second discharge.
The number of sparks that can be formed in this manner
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FIGURE 4.--Effect of airstream velocity on observed downstream
displacement. Pressure, 11.36 inches of mercury absolute; tempera-
ture, 80 ° F; electrode spacing, 0.250 inch; electrode diameter , _6
inch. (Data from ref. 1.)
depends upon Ut_ and also on the voltage output character-
istics of the spark source. These multiple dictmrges should
be distinguished from the repetitive discharges deliberately
produced by commercial ignition systems. Such discharges
may occur many times per second.
Table I shows the number of additional sparks formed after
the initial spark for various conditions of air velocity, elec-
trode spacing, electrode diameter, and pressure for one spark
source. Tile number of sparks increases with increasing
velocity, decreasing spacing, and decreasing pressure. For
the data presented in table I, electrode diameter was un-
important. Increasing the duration of the discharge or the
output voltage should also increase the number of sparks
formed.
TABLE I.--NUMBER OF SPARKS AFTER INITIAL SPARK
FOR VARIOUS CONDITIONS OF AIR VELOCITY, ELEC-
TRODE SPACING, ELECTRODE DIAMETER,_ AND
PRESSURE
[Data from ref. 1.]
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Multiple sparks are probably not desirable for ignition
since tile discharge energy is then distributed over too many
separate channels or volumes. _{ore energy is contained
in the first of the multiple discharges than in the others, and
that energy should be responsible for ignition.
CURRENT
Tim current of a spark discharge is determined largely by
the impedance of the ignition source and to some extent by
factors of the spark gap, especially in the case of long-duration
discharges generated by a high-impedance source.
It can be shown timt the current in the spark discharge
using the ignition source shown in figure 1 (c) should decrease
exponentially during the life of tim discharge if the gap re-
sistance is constant. Actually, the resistance does vary
somewhat so that the current does not decrease quite expo-
nentially during the latter stages of the discharge, even under
quiescent conditions. Also, as noted previously, the length-
ening of the discharge under flow conditions increases the
resistance so rapidly that there is a marked decrease in the
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current. These effects are shown in figure 5(a), which
compares the current and time characteristics of five dis-
charges at various air velocities. At zero velocity the current
decays almost exponentially. With flow the current de-
creases at a greater rate, the higher velocities causing greater
decreases. Secondary spark discharges are formed at 400
and 500 feet per second as indicated by breaks in the curves
(fig. 5(h)). The average rate of current decrease for the
highest velocity is about twice that for no flow.
VOLTAGE
The total voltage of a discharge varies to a much greater
extent with velocity than does the current. Total voltage
also depends upon current, type of discharge, gas density,
electrode spacing, and gas; it does not vary uniformly along
the length of the discharge. Because this nonlinearity may
have some bearing on the ignition process in combustible
mixtures, this section discusses the component parts of the
Cothode Positive ,,-Anode
region, colu mn_ / region
j, J
I
I
V°Itage I
FIGURE 6.--Variation of voltage along constant-current discharge.
total voltage in addition to considering factors affecting the
total voltage.
Component parts of the total voltage.--The total voltage
of a discharge is the sum of tile voltage drops in a number of
specific regions along the length of the discharge. Consider
the voltage along the discharge at any instant of time (fig. 6).
At tim negative or cathode end of the discharge there is a
voltage change defined as the cathode drop. Tiffs drop can
represent a considerable portion of the total voltage, and
it occurs within an extremely short distance from the cathode.
Next to the cathode-drop region is a region known as the
positive colunm that occupies most of the discharge length.
The voltage increases linearly with distance in this region.
Between the end of the positive column and the anode there
is another voltage change defined as the anode drop. This
drop also occurs close to tile electrode and has a magnitude
approximately equal to the ionization potential of the gas
(10 to 15 volts). Actually, both tile anode and cathode
regions contain one or more regions, but such division is
unimportant for the present discussion. Reference 8 dis-
cusses all the regions in detail.
The cathode voltage drop determines the type of discharge
that exists. Figure 7 shows }row the cathode drop varies
qualitatively with current and shows the general regions of
the various types of discharges. The current of the spark
discharge is continuously varying with time and therefore
defines some portion of this curve. As the current is in-
_o o_
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F_GURE 7.--Effect of discharge current on cathode voltage drop.
(Data from rcf. 16.)
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creased from point E the voltage remains constant to point
F. The region between E and F is defined as the normal
glow discharge region. From F to H the voltage increases;
this region is defined as the abnormal glow discharge region.
From H to K the voltage decreases through a transition
region with an arc discharge originating at point K. The
cathode drop in the arc discharge can decrease to the order
of magnitude of the ionization potential (10 to 15 volts).
Frequently, the curve may be discontinuous between H and
K, or the peak at H may not be observed; that is, the dis-
charge may change from an arc to a normal glow without
passing through the abnormal glow region.
Most of the ignition data reported herein were obtained
with glow discharges. Therefore, the discussion is primarily
concerned with the glow discharge, although many of the
trends observed also apply to the arc discharge.
Methods are given in references 3 and 6 for determining
cathode voltage drops experimentally at no flow and with
flow, respectively. These methods assume the anode drop
to be negligibly small. Figure 8 shows the cathode voltage
drop determined for five electrode materials. The cathode
drop is independent of current for the brass and cadmium
electrodes. This effect is typical for the glow discharge
(fig. 7). The cathode drop for the other metals is not inde-
pendent of current, possibly because of the tendency of the
discharge to be an abnormal glow discharge. The effect may
also be partially due to experimental errors in the determina-
tion of the voltage.
The cathode-drop data shown in figure 8 correlate to a
certain degree with the work function of the electrode mate-
rial. The work function is a measure of the work required
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FZGURE &--Effect of current on cathode voltage drop for five elec-
trode materials. Pressure, 3.0 inches of mercury absolute; tem-
perature, 80 ° F; fuel-air ratio, 0.0835; gas stream velocity, 5.0 feet
per second; duration of discharge, approximately 600 micro-
seconds. Data from ref. 3.)
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reference 9.
to extract from the electrode the electrons that are necessary
for maintaining the discharge. The correlation is shown in
figure 9. The limits of the data cover the range of work
functions found in the literature (ref. 9) and the range of
cathode drops shown in figure 8.
The positive-column voltage is obtained by subtracting
the cathode drop from the total voltage drop. The indi-
vidual voltage drops, together with instantaneous-current
data, determine the energies dissipated in the cathode region
and in the positive column.
Total voltage.--The variation in voltage of a discharge
with time is shown in figure 5(b). At zero velocity there is
a gradual increase in voltage with time as the current
decreases (fig. 5(a)). This effect is the result of the negative
characteristic, that is, increasing voltage with decreasing
current, typical of an arc discharge (fig. 7). With flow
the rate of voltage increase is much greater because of
lengthening of the discharge path. When the voltage reaches
the breakdown voltage of the gap, approximately 5000 volts
for the 400-foot-per-second curve, a new spark forms directly
between the electrodes. The voltage then immediately falls
to a low value and begins to increase again as the second
discharge moves downstream.
With a glow discharge at high flow, the same trend found
for the arc discharge is observed; however, at low or no flow
the trend is opposite. That is, the voltage decreases as the
SPARK IGNITION
current decreases during the life of the discharge. In this
respect the glow discharge behaves somewhat like a
resistance.
At the present time, the total voltage of a discharge cannot
be predicted by any theoretical considerations. Empirically,
the factors which determine the total voltage vt have been
shown to be related by the following equation:
vt=v_+ 360s+ 3460si (1)
where vc is the cathode drop, and the units are volts, amperes,
and inches. A plot of this empirical equation is presented
in figure 10. Tile total voltage varies linearly with spacing s
when tile current i is constant. In like manner, the total
voltage varies linearly with current when the spacing is
constant.
SPARK-DISCHARGE ENERGY
Tile most important characteristic of a discharge insofar
as ignition is concerned is the energy dissipated in the dis-
charge. The effect ot several operating and design variables
oil the total energy and the division of total energy into its
component parts arc considered in this section.
Effect of variables on total energy.--The effect of velocity
and pressure on total energy are shown in figure 11 for
constant voltage, resistance, and capacitance of the ignition
source. Energy increases with velocity and pressure. The
energy increase occurs even with constant settings of the
ignition source because of the manner in which the energy
divides between the resistance of the discharge and the
resistance in the ignition source. The discharge resistance
is greatest at the higher velocity and, therefore, absorbs a
greater portion of the energy. While the energy released in
o
g
o
=o
o
I000
8O0
60O
400
2O0
i
i
i
i
, i!
! '
I !
Elec'trode
spacing
n.
o 0.651
a .570
.487
.405
,_ .32 I
v .259
1
-/
i
i i i u
I
nl /
o/ I
' i
F
I
400
/
I
J
200 600 800 I000
vc + 560s +5460$/, volts
Fiaunn 10.--Empirical correlation of total discharge voltage with
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the discharge increases with flow velocity, it is also dis-
tributed over a lengthening path. As is shown earlier, the
path length of the discharge increases from s at no flow to
2Ut_+s with flow.
The effect of temperature on total energy has been shown
to be negligible over the range --67 ° to 80 ° F (ref. 1). An
increase in electrode spacing with constant settings of the
ignition system increases the energy because the discharge
resistance increases without affecting the current markedly.
The effect of electrode diameter is negligible.
Separation of total energy into its component parts.--The
total energy of a spark discharge can be separated into its
component parts when the voltage drop of each specific
region along the discharge length is known. The voltage
drop, determined as a function of time, is used with instan-
taneous-current values to determine energy. Since only two
regions, cathode and positive-column, are considered, only
the cathode energy need be determined. The positive-
column energy is then the difference between the cathode
energy and the total energy. The cathode energy represents
a substantial part of the total energy. For example, refer-
ence 3 shows that one-third to one-half of the total energy is
dissipated in the cathode region for a typical ignition con-
dition.
SPARK DURATION
The duration of a spark discharge is primarily dependent
on the relative values of resistance and capacitance in the
ignition source, although factors of the gas stream do have
Ja j_ _ ±.. _, m. ill JL JL Z. _
REPORT 1287--NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
I000 .... - , ' 1
-8 I I / I i o 11:36 I
,=8ooi _- ;- _-_ ----_-_ 0 15.36
u° I ! | : h ] _. 19.36 ! :
I ' : | [ 1 v 25.36 i ;
%o!",X'_-4__= i I i-- I i--_
;ooo 
i ! i
.................... ........I ; I I I I '
I J L , I I I L i'
0 I00 200 300 400 500 600
Air velocity, ft/sec
FIaL'RE 12.--Effect of air velocity and pressure on duration of dis-
charge for constant settings of ignition system. Temperature,
80 ° F; electrode spacing, 0.125 inch; electrode diameter, _{_ inch.
(Data from ref. 1.)
some effect. Figure 12 shows that the duration of the spark
discharge is decreased by increasing the velocity and the
pressure. Both of these factors increase the electrical re-
sistance of the discharge and result in a larger voltage re-
quirement. The maximum voltage of the spark source is
reached in a shorter time (fig. 5(b)), and the discharge then
ceases. Increasing the electrode spacing also causes the
same result, because it increases the length of the discharge.
EFFECT OF PARAMETERS ON IGNITION ENERGY REQUIRE-
MENTS OF FLOWING GASES
The most important spark characteristic determining the
ease of ignition is energy. If ignition is considered as a
thermal mechanism, energy determines the amount of heat
added, and hence the temperature rise of a volume of the
combustible mixture. This section discusses the effects on
ignition energy requirements of a number of variables that
may be encountered in jet-engine operation. Some of the
data to be presented were obtained at electrode spacings less
than the quenching distance and so do not represent the
minimum energy that would have been required with _on
optimum spacing. These data are indicated on the figures
as having been obtained within the quenching distance.
VELOCITY
The effect of velocity on ignition energy is shown in figure
13. The required energy increases approximately linearly
with velocity for both sets of data. The slopes of the curves
are not directly comparable because of differences in pressure
and electrode spacing. For example, figure 13(a) shows that
an increase in mixture velocity from 5.0 to 54.2 feet per
second required approximately a 300-percent increase in
energy, whereas figure 13(b) shows that the energy increase
is only about 50 percent for a velocity increase from 50 to
200 feet per second.
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(a) Gas velocity and pressure. Data obtained in simple flow appa-
ratus; electrode spacing, 0.25 inch (less than quenching distance);
spark duration, approximately 600 to 800 microseconds. (Data
from ref. 2.)
(b) Gas velocity. Data obtained in controlled-turbulence appa-
ratus; electrode spacing, 0.37 inch; electrode diameter, 0.0225 inch;
spark duration, approximately 500 microseconds. (Data from
ref. 5.)
FIGURE 13.--Effect of gas velocity and pressure on energy required
for ignition. Temperature, 80 ° F; fuel-air ratio, 0.0835.
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FIGURE 14.--Effect of initial temperature on total ignition energy.
Pressure, 5.0 inches of mercury absolute; fuel-air ratio, 0.0835;
gas velocity, 50 feet per second; electrode spacing, 0.37 inch;
spark duration, 440 microseconds. (Data from ref. 6.)
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FIGURE ]5.--Effect of fuel-air ratio on total ignition energy. Pres-
sure, 5.0 inches of mercury absolute; temperature, 80 ° F; gas
velocity, 50 feet per second; electrode spacing, 0.723 inch; spark
duration, approximately 440 microseconds. (Data from re(. 6.)
PRESSURE AND TEMPERATURE
The effect of pressure on ignition energy is shown in figure
13(a). Energy decreases with increasing pressure in the
same manner as found for ignition under quiescent conditions
(re(. 10). The relation for ignition under flow conditions is
Eccl. The exponent n varies from about 1 to 2 for these
data.
The effect of temperature (fig. 14) is also consistent with
the trend found for quiescent gases (re(. 11) in that ignition
energy decreases with increasing temperature.
FUEL-AIR RATIO
The effect of fuel-air ratio on ignition energy of flowing
gases (fig. 15) is consistent with the trend observed for
quiescent gases except that energy requirements are greater
with a flowing mixture. The same fuel-air-ratio limits and
minimum-energy point are observed. Close examination of
the data points on the rich side of the minimum shows that
the data might be better represented by the dashed line.
Such double lobes have been observed in flammability-limit
investigations with quiescent mixtures (re(. 12). The exist-
ence of a double lobe in figure 15 is questionable, however,
and no great significance is attached to it.
TURBULENCE
If a turbulence promoter such as a wire screen is placed
upstream of the spark electrodes, the ignition energy re-
quirement varies with the mesh size and the distance be-
" tween promoter and electrodes. The trends are illustrated
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in figure 16, and the data are listed in table II. The ignition
energy increases with increasing mesh size and with de-
creasing promoter-to-electrode distance.
TABLE II.--TURBULENCE AND IGNITION ENERGY DATA
[Pressure, 5.0 in. Hg abs; temperature, 80 ° F; data from re(. 5.]
Mesh size I
of turbu- Distance
lencc, Velocity, down.
promoter, U, (t/see stream,
in. x, in.
i
0.235 ..... 50 4
S
20
lo0 4
8
20
150 4
20
200 4
8
20
0.525 ...... 50 4 •
12
20
100 4
8
20
150 4
8
2O
200 4
8
20
O. 625 ..... 50 4
8
20
lo0 4
8
20
150 4
8
20
200 4
8
2O
NO pro-
moter___ 50
100
150
2O0
i Intensity '
of turbu-
lence, tnrbu-
._.. 1.....
L_, in.
ft/sec
(a) (b)
2.16 0.13
1.19 .20
.638 .35
2.49 0.20
1.88 .2(}
• 991 .30
4.17 0.14
2.35 .19
1.26 .20
5.76 0.15
2.89 .20
1.79 .30
3.44 0.17
1.28 .26
.868 .39
7.34 0.20
3. 72 .23
I. 66 .3O
9.6 0.20
5.25 .20
2.62 .27
11.8 0.19
6.18 .20
2. 51 .30
4.0 ......
2.03 ......
1.03 ......
7.04 ........
3.61 .....
1.76 .......
9.08 ........
5.68 ......
2.55 .......
11.8 ........
6. g2 .......
3.35
Scale of Ignition
Spark du- energy,
ration, t,, E,, milli-
ruierosec joules
(c)
395 11.3
381 10.6
415 11.6
346 15.6
346 14.6
325 13.7
277 19.7
277 18.4
311 15.7
277 26.4
277 21.7
249 I8.27
464 11.0
450 10.6
415 9.55
415 21.2
381 16. 5
388 14.1
346 29.5
346 19. 5
332 15.8
318 46.4
346 25.2
318 23.0
415 I0.7
415 I1.4
415 10.8
346 30.6
346 14.9
277 9.93
311 36.5
277 20.9
242 14.7
346
277 34.6
208 23.2
346 9.2_
311 12.0
242 13.5
208 13. 5
Obtained using air.
b Obtained using air. Data uncorrected for length of hot wire.
, Fuel, propane; fuel-air ratio, 0.0835 (by weight); electrode spacing, 0.37 in.
(a)
J
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(a) Mesh size, 0.235 inch.
FIGURE 16.--Effect of velocity on ignition energy for various sizes
and locations of turbulence promoters. Pressure, 5.0 inches of
mercury absolute; temperature, 80 ° F; fuel-air ratio, 0.0835;
electrode spacing, 0.37 inch; electrode diameter, 0.0225 inch;
spark duration, approximately 500 microseconds. (Data from
re(. 5.)
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(b) Mesh size, 0.525 inch.
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FIGURE 16.--Concluded. Effect of velocity on ignition energy for various sizes and locations of turbulence promoters. Pressure, 5.0 inches
of mercury absolute; temperature, 80 ° F; fuel-air ratio, 0.0835; electrode spacing, 0.37 inch; electrode dialneter, 0.0225 inch; spark
duration, approximately 500 microseconds. (Data from ref. 5.)
Attempts have been made to analyze the effects of turbu-
lence promoters on ignition energy in terms of the charac-
teristics of the turbulence produced. Figure 17 shows the
effect of velocity, distance, and mesh size on the experi-
mentally measured values of intensity of turbulence. As
the ratio of distance to mesh size x/m is decreased, the in-
tensity of turbulence increases. Comparison of the data of
figures 16 and 17 indicates that the minimum ignition energy
required increases with an increase in turbulence.
Another turbulence factor that must be considered is the
scale of turbulence, whictl can be important in eddy diffusion.
Table II shows values of scales and intensities of turbulence
and ignition energies for various mesh sizes, promoter-elec-
trode distances, and velocities. The scale of turbulence
has no apparent effect on energy if data at constant velocity
and at approximately constant intensity are compared, as
in table III. Hence, for conditions covered by this work,
scale of turbulence may be neglected.
SPARK DURATION
The effect of spark duration on the energy required for
ignition at velocities of 5.0 and 54.2 feet per second and
TABLE III.--EFFECT OF SCALE OF TURBULENCE ON LINE-
SOURCE AND TOTAL IGNITION ENERGIES
[Pressure, 5.0 in. ng abs; temperature, 80 ° F; data from ref. 5.
Mesh
size of
turbulence
promoter,
m.
235
525
235
525
Distance
down-
stream,
x, u
812 }
8
intensity of
Velocity, turbulence,
u, ft/se¢ _/#
ft/sec
50 I 1.19
L 1.23
f 5. 76
2O0 t 6. lS
Scale of
turbulence,
ix, in.
0.17
• 26
0.15
• 20
Line-source
energy, El,,
mini joules
6.9
6.6
11.2
9.6
Total
ignition
cncrgy, E,,
mini joules
(s)
10. 6
10.6
26. 4
25.2
Fuel-air ratio, 0.0L35; electrode spacing, 0.37 in.
pressures of 3 and 4 inches of mercury absolute is shown in
figure 18. As the spark duration was reduced from about
25,000 microseconds to about 100 microseconds, which was
the limit of the measuring apparatus, the required energy
decreased. The relation between energy and duration is
not linear and is of the form Hoct_ where n< 1. The decrease
in energy with the shorter durations may be explained in
terms of the spark-discharge length. Decreasing the dura-
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FIGUnE 17.--Effect of x/m on Nu2/U_ for various values of mesh size
and velocity. (Data from ref. 5.)
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FIGURE 18.--Effect of spark duration on energy required for ignition.
Temperature, 80 ° F; fuel-air ratio, 0.0835; electrode spacing, 0.25
inch (less than quenching distance). (Data from ref. 2.)
tion reduces the length of the discharge and thereby distrib-
utes the energy over a smaller vohlme. This distribution
should result in a more effective ignition source.
An attempt was made to define minimum ignition require-
ments for very short duration discharges. A capacitance
spark, that is, one obtained by discharging a condenser di-
rectly into the gap, was used. The energy values obtained
in this manner, for a spark duration of 1.5 microseconds,
are shown in figure 18. The fact that these energies are
higher than those for longer duration sparks is contrary
to the trends observed for spark durations between 100 and
25,000 microseconds. The discrepancy is explained in ref-
erence 3 as possibly being due to differences in the way the
energy is distributed along the discharge length. It is not
due to the fact that the data were obtained with electrode
spacing less than quenching distance, since reference 3 shows
the same trend with spacing equal to quenching distance.
ELECTRODE SPACING
As shown in figure 19, the effect of electrode spacing on
ignition of flowing gases is similar to that observed for quies-
cent gases (ref. 10). As the electrode spacing was increased
from about 0.25 inch, the energy required decreased for a
variety of electrodes. With the smaller electrodes the spac-
ing for minimum energy was not sharply defined. The in-
crease in energy at spacings less than 0.65 inch is attributed
to quenching of the initial flame zone by the electrodes.
At the optimum spacing (0.65 in.), or arbitrarily assumed
quenching distance, the quenching effect is a minimum.
This quenching distance is the same as found for quiescent
mixtures for the particular pressure and fuel-air-ratio condi-
tions (ref. 10). The energy requirement increased at spac-
ings greater than 0.65 inch for the same reason that the
energy requirement increased with increased flow velocity,
that is, the lengthening of the discharge path.
ELECTRODE DIAMETER AND CONFIGURATION
The effects of electrode diameter and configuration are also
shown in figure 19. The data show that at the quenching
distance (0.65 in.) the size or shape of the electrodes has no
significant effect. However, at shorter spacings the larger
electrodes require more energy for ignition because of their
larger surface area for flame quenching. This same trend
has been observed for capacitance sparks in quiescent mix-
tures (ref. 10). The fact that the sharp-needle electrodes
5O
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FIGURE 19.--Effect of electrode diameter, configuration, and spacing
on ignition energy. Pressure, 3 inches of mercury absolute; tem-
perature, 80 ° F; fuel-air ratio, 0.0835; velocity, 5.0 feet per second.
(Data from ref. 3.)
required slightly higher energy in spite of smaller surface
area may possibly be due to differences in the manner in
which the energy is distributed along the length of the
discharge for sharp points and rods.
TYPE OF DISCHARGE
The type of discharge used _ffects the energy required.
Figure 20 shows data obtained with stainless steel electrodes
that resulted in a glow discharge and data obtained with
cadmium electrodes that resulted in a discharge designated
as an arc-glow discharge. This discharge started as an arc
discharge but changed into a glow discharge. For most of
its life it was an arc discharge, however. The glow dis-
charge required a higher ignition energy than did the arc
discharge. This effect was not due to differences in elec-
trode material, for after many trials a glow discharge was
obtained with the cadmium electrodes. The energy value
so obtained was comparable to that obtained with the
stainless steel electrodes.
o
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FIGURE 20.--Effect of electrode material and spacing on ignition
energy. Pressure, 3 inches of mercury absolute; temperatur%
80 ° F; fuel-air ratio, 0.0835; velocity, 5.0 feet per second. (Data
from ref. 3.)
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Tile fact that the arc discharge has lower cathode and
total energy may indicate that the positive-column energies
of both arc and glow discharges were equal and that the
ignition occurred in the positive column. There are no
experimental measurements of cathode energies for the arc-
glow discharge; tile experimental method used for the glow
discharge failed when such measurements were attempted
because the transition between arc and glow upset cross-
plotting techniques. Therefore, positive-columu energies of
the two discha,'ges cannot be compared at the present time.
ELECTRODE MATERIAL
Investigations such as those reported in reference 13
indicate that electrode material has an effect on ignition in
quiescent mixtures. The data show that decreasing density
of the electrode material generally decreased the amount of
energy required to ignite a flammable mixture. However,
the type of discharge, that is, arc or glow, was not deter-
mined, and the observed effect may have been due to the
type of discharge and not to the electrode material.
The effect of electrode material on ignition of flowing
gases is reported in reference 3,which shows that at least for
the glow discharge the ignition energy is negligibly affected
by electrode material. Data reported in reference 3 may
be summarized as follows:
II_mitionMetal energy,
__ millijcu_es
Lead ...................... I 17.1±0. 5
Brass ................ 17.8=t=0. 5
Cadmium ................. I 18. 6±0. 5 I
Aluminum ............ i 19. 4±0. 7 ]
Tungsten .................. I 19 6±0 9
Obtained with .a_-inch-diam. spheres spaced
0.65 inch e.part; press'_re, 3.0 in. Hg abs; tempera-
ture, g0° F; velocity, 5.0 ft/see; fuel-air ratio,
0.0335; spark duration, 600 #see.
DEVELOPMENT AND TESTS OF A THEORY OF IGNITION OF
FLOWING GASES
It is shown previously that a large number of variables
affect not only the physical and electrical characteristics at
a spark discharge but also tile ease of ignition of a flowing
combustible gas. Theoretical equations that show how
these variables may be related for both nonturbulent and
turbulent flow are discussed in this section. Experimental
data that are available are then applied to these relations.
CONCEPT OF LINE SOURCE OF ENERGY
Most investigations of ignition of combustible gases
consider total energy of the discharge as the experimental
variable. It is noted earlier, however, that the total energy
is not distributed uniformly along the length of the discharge
and that the distribution may be important to ignition.
Ignition may conceivably proceed from only a portion of the
discharge length, and the energy contained in this length
must then be the basis for theoretical analysis. The model
used to develop a theory for the ignition of flowing gases is
shown in figure 21. After a spark discharge moves down-
stream and is extinguished at time t_, there exists a heated
zone larger in diameter than the discharge itself but in a
path coincident with that of the discharge. The vertical
portion of the discharge (fig. 21) moves at stream velocity
so that the same volume of gas is continuously heated,
whereas tile legs of the discharge lengthen with time so that
h'esh gas is continuously being heated at tile electrode ends
of the discharge. Hence, it may be considered that the zone
surrounding the vertical portion of the discharge is at a
much higher temperature than the legs and, therefore,
constitutes a more probable zone of ignition. This vertical
zone, or line source of ignition, is used in the development of
the theory of ignition of flowing gases.
The line source of energy consists of a portion of the posi-
tive column of the discharge. The energy dissipated in the
cathode region is assumed to be unimportant to the ignition
process. This is a reasonable assumption, since, according
to reference 8, in a glow discharge almost all of the cathode
energy is lost to the cathode.
The energy in the line source of ignition can be calculated
if two assumptions are made. The first assumption is that
the total amount of energy in the discharge at any time
varies linearly with time. Actually, for the ignition data
presented herein the energy goes into the discharge some-
what more rapidly during the first part of the discharge;
however, the assumption of uniform energy release is believed
sufficiently accurate for practical use. The second as-
sumption is that the power per unit length of discharge at
any time is constant. Tile power can be based on either the
total power if the cathode energy is assumed uniformly
distributed throughout the gap or on the power in the posi-
tive column. Actually, in order to agree with the concept
of the line source of energy, the power should be based on
the positive column only; but for practical reasons involved
in measurement of cathode energies, total power is used in
most of the analysis. Correction of the data to include
positive-column energies only is discussed later.
The average power P_, of the total energy E_ is E_/t_,
where t_ is the spark duration. This average power is
divided into two portions: the line source and the legs of the
discharge. The relative amounts dissipated in each region
depend upon tim respective lengths of the legs and, hence,
on time and gas velocity. The amount of power available
for the line source at any instant is
p ,_'
z_-- 25_+ s P_,
zone caused of energy._
by discharge. _- 2r 4
velocdy, ," I , t I
L°'s J" I I I I
• , I I
ZHeated zone caused by
J _ J " Discharge path at line source ofenergy
J I instant spark
I I discharge ceases,
FIGb'RE 2l.--Model used to develop concept of line source of energy.
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The energy of tile line source E,_ is the integral of this in-
stantaneous power with respect to time taken over the
discharge duration or
Ez_=f0 t' Pl_ dt
for. s E_ dt (2): 2Ut+s t_
Em In 2UG+s
Equation (2) assumes the cathode and anode energies to
be uniformly distributed over the whole length of the dis-
charge. If the cathdde energy is assumed to be lost to the
electrode, E8 in equation (2) may be replaced by Ep where
E_=Es--Ec:
E,s 2UG+s
E,,=2_ _ In- s (3)
Equation (2) is used herein because Ec, and hence L_, are
difficult to measure accurately.
DEVELOPMENT OF THEORETICAL EQUATIONS
The process of establishing steady burning of a homo-
geneous fuel-air mixture from a long-duration discharge is
visualized as follows: The line source of ignition is assumed
to supply the heat necessary to raise the temperature of the
heated zone to flame temperature. The initial flame then
propagates if the heated zone is of proper volume to fulfill
the condition that the rate of heat generation in the volume
be equal to or greater than the rate of heat loss from the
volume. An additional requirement is that tile electrode
spacing be equal to the quenching distance in order to
preclude quenching effects. No heat losses from the heated
zone either to the electrodes or to the gas during the spark
duration are considered; also, no heat is considered to be
supplied from any chemical reaction during this period.
The relation between ignition energy and operating vari-
ables can be determined by comparing the line-source energy
with the theoretical amount of energy necessary to raise
the temperature of the volume under consideration to flame
temperature. The radius r of the heated volume (fig. 21)
is the unknown dimension of the volume. Since both tile
rate of heat generation and the rate of heat loss are functions
of the radius, equating these rates results in a value for the
critical radius. The rate of heat generation in this heated
zone is dependent upon the size of the volume and upon a
reaction-rate term, whereas the rate of heat loss not only
depends upon the size of the zone but also upon the method
of heat transfer, that is, thermal conduction or eddy dif-
fusion. According to the concept of a line source of energy,
the zone is moving at stream velocity and, therefore, may
be considered as a zone in a quiescent mixture if no turbu-
lence is present. Heat is, therefore, lost from the zone by
thermal conduction (neglecting radiation). If tm-bu]ence
FLOWING GASES 13
is present, heat. can be lost by both thermal conduction and
eddy diffusion. The equations have been developed for
two cases: (1) heat transfer by timrmal conduction when
intensity of turbulence is low and (2) heat transfer by eddy
diffusion when intensity of turbulence is high. In tile latter
case it was assumed that thermal conduction is negligible
compared to eddy diffusion.
Nonturbulent flow.--The equations for tile rate of heat
generation and tile rate of heat loss are those of reference 11
converted from the spherical to the cylindrical case :
Ea_t
Rate of heat generated=Trr2doQX_Xop2ae RTF (4)
Rate of heat loss= 2_rrdo_(Tv- Tam)
,T_e
2_rrdqK(T_.-- T.,,,)
elr (5)
The term c,r has been substituted for..,_ _ as done in reference
11. This substitution is an approximation; proof for its use
is as follows: Equating equations (4) al_d (5) and solving
for r give
r= /:
Equation (6) gives the critical size of tile zone and indicates
that r is inversely proportional to the square root of reaction
rate. In a flame front the thickness of the reaction zone
.._, is approximately inversely proportional to the square
root of the reaction rate; hence, r must be proportional to
,__,,. The amount of energy necessary to increase the tem-
perature of tile zone from Tam to TF is
E; ,: Jrr2dqpc v (TF -- T_.,)
2_rJKdqc.( T_ -- T_,,) _
= _o_, (7)
clQXrXopae RTr
The theoretical energy should be equal to the line-source
energy,
E'_=E_
2_JKdqc_(TF--T_) 2 E_dq. {2UG+dq'_
clQX_,Xopae RTF
or
47rJUGKcp(Tr- Tam) 2 {2UL-k dq_
E._ =ln \ _ / (8)
cxE_QXiXopae RTF
Turbulent flow.--For turbulent flow tile rate of heat. loss
depends on the rate at which mass is transferred by eddy
diffusion through the cylindrical surface of area 27rrdq.
3K IL ± AK
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The two factors that control the diffusion process are the
intensity and the scale of turbulence. When the scale of
turbulence is large compared to the flame-front thickness
as it is for this problem, the effect of scale on the diffusion
process is negligible compared to the effect of intensity of
turbulence; hence, the effect of scale is not included in the
analysis that follows.
The rate of heat loss is a function of the product of surface
area, density, specific heat, temperature difference, and a
term representing the velocity with which heat moves
through the surface. The velocity term can be represented
by some function of the intensity of turbulence, or f'(_/_).
The function involves the first power of _/_ in order to be
correct dimensionally. Thus,
Rate of heat loss=2_rrdqpcp(TF--T_,,)J'(_/-_) (9)
For ignition conditions equation (9) equals equation (4).
Solving for r gives
QXiXopae nTF
The theoretical energy required to increase the temperature
of the heated zone to flame temperature under turbulent-
flow conditions is
! 2E = JTrr dq%p(TF-- T_,_)
__47rJdqc_3(TF-- T_,,,)3y(_)
-
Q2XyXo2pa2e RTF
where f(_/_) is a new function of the intensity of turbulence.
The relation between the theoretical and the line-source
energies is therefore
or
47rJdqc,3(Tr--T,,,) 3 "'_.'2_ E_d¢, [2Ut_+do_
Q_X_X2opa2e RTF
2E_t
E _23'_2_2 2 RTp ( _t_ ) --
_5._jcpa(TF - T,,,)_ m
(lO)
(11)
APPLICATION OF THEORETICAL EQUATIONS TO EXPERIMENTAL DATA
Only limited data are available to verify the theoretical
equations. Although a considerable amount of data has
been obtained, much of it cannot be used in the equations
because of differences in type of discharge or because elec-
trode spacings were less than the quenching distance.
The data used with the equations following are those
obtained with glow discharges and with spacing equal to the
quenching distance.
Nonturbulent flow.--Data to be applied to the nonturbu-
lent-flow equation were obtained with one fuel and one
fuel-air ratio; hence, equation (8) may be reduced to
c:Ut,KcpTF(TF-- T_)_=I n 2UL-Fdq (12)
E_ _t dq
pete RTr
where p_. A plot of this relation is shown in figure 22
along with a table of the operating conditions and references
for each point. The correlation is satisfactory for the
limited data available.
Equation (8) indicates that there is an effect of fuel-air
ratio. The data of figure 15 were applied to this equation
which, for the operating conditions of the figure and for
p_ 1/Tr, reduces to
E_XIXo In 2Uts+dq
In TF(TF__T_,,,) _ =c3_-c4 TFF (13)
A plot of the data using equation (13) is shown in figure 23.
A single straight line, which would be predicted by the theory,
was not obtained. There is a factor of about 2 between
the values for the rich and lean ends of the curve. Possible
reasons for this discrepancy are discussed later.
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FIGURE 22.--Correlation of nonturbulent-flow data at fuel-air ratio
of 0.0835.
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FIGURE 23.--Curve obtained by applying ignition-energy and fuel-
air-ratio data to equation (13). (Data (fuel-air ratio 0.045 to
0.105) from fig. 15.)
Turbulent flow.--The data used to verify the turbulent
flow equation (11) are those presented in figure 16. For the
conditions used to obtain these data, equation (11) may be
reduced to
In 2Ut,+dq cJ(_/_) (14)=
Data calculated according to this relation are plotted in
figure 24, which shows that a reasonably good correlation
exists among the variables: energy required for ignition,
stream velocity, and intensity of turbulence. The data
correlated with an average deviation of 11 percent and a
maximum deviation of 35 percent.
In developing the theory, the effect of scale of turbulence
was considered unimportant. Experimental verification
of this fact is indicated in table III, which shows a compari-
son of both line-source and total ignition energies at approxi-
mately constant intensities of turbulence but varying
scales of turbulence. With the experimental errors involved
and small variation in scale investigated, it must be con-
eluded that the effect of scale, if any, is small.
DISCUSSION OF THEORY
The theory that is described in the preceding section and
its experimental verification mark the first attempt to treat
ignition of flowing gases and, as such, are greatly simplified.
The many approximations and assumptions that are made
may be summarized as follows:
(1) The analysis is based on a second-order reaction for
the rate of heat generation.
(2) Diffusion processes are neglected.
(3) Radiation from the ignition zone is neglected.
(4) An approximation is made of thickness of the reaction
zone.
(5) The average power of the discharge is assumed to be
constant.
(6) The discharge is assumed to take the shape of a square-
• cornered U; rounding effects at the corners are neglected.
(7) Cathode energy is assumed evenly distributed along
the length of the discharge.
(8) There are no heat losses from the heated zone left
by the spark during the duration of the discharge.
(9) There is no heat resulting from chemical reaction in
the heated zone during the duration of the discharge.
Many of these assumptions could be removed from the
theory, but the theoretical treatment would be unduly
complicated.
The data used to verify the theory are limited in scope. This
is the result of using data from one type of discharge (glow).
Glow discharge's are mostly obtained at low pressures, and
arc discharges are obtained at higher pressures. Energy
measurements cammt be made at higher pressures, because
the small amount of energy required for ignition at high
pressures becomes comparable to the energy stored in the
capacitance of the voltage divider. This latter energy is
not measured by the oscillographic technique used.
The effects on ignition energy of all operating variables
except fuel-air ratio were correlated by the theoretical rela-
tions. Other investigators have also encountered inconsis-
tencies in variable-fuel-air-ratio data. For example, in
reference 10, which describes an ignition theory of quiescent
gases that is separate and distinct from the one described
herein, data obtained over a range of fuel-air ratios did not
correlate with theoretical relations. The trends observed
with the two theories may be compared by calculating the
ratios of theoretical to experimental energy for the two sets of
data. The term
47rJUL_c,(T_-- T_,_) 2
E_, 2Uts+dq
cE_QXIXopa e RTF In
d_
derived from equation (8) represents the ratio of theoretical
to experimental energy for the data contained in this report.
The values of K and c_ in this equation were assumed con-
stant, and a value of 26 kilocalories per mole was used for
E_¢t. The energy ratios for the two sets of data were multi-
plied by constants in order to adjust the energy ratios to .a
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FIGURE 24.--Correlation of ignition data with intensity of turbulence.
Pressure, 5.0 inches of mercury absolute; temperature, 80 ° F;
fuel-air ratio, 0.0835. (Data from ref. 5.)
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value of 1.0 at an approximately stoichiometric fuel-air ratio.
The adjusted data are plotted against fuel-air ratio in figure
25. Both theories give predicted results that deviate from
experimental results in the same direction. While neither
theory can be used to predict trends exactly, the theory
described herein more accurately predicts trends at richer
than stoichiometric fuel-air ratios.
In reference 6 variable-fuel-air-ratio data were correlated
empirically by multiplying the term in the left side of equa-
0.02
tion (13) by the factor 1--_-,, where X, is the mole fraction
of the fuel. This correlation is shown in figure 26. A value
of activation energy was calculated from the slope of the
curve to be 24.8 kilocalories per mole, which agrees with
literature values.
0.02
While the correction term 1--_7 was determined em-
pirically, it may have theoretical significance. For example,
the term may correct the total energy E, to a value
E [1 0.02_ 0.02E_
_\ ---_,] or E_ X, This may indicate the possi-
bility of energy loss occurring before ignition; the loss would
be dependent on the total energy and on fuel concentration.
The loss may occur by heat conduction and be dependent on
temperature and time. Considering the heated zone left
by the spark, the temperature of the zone should be roughly
dependent on E_. The term l/X,. can represent time if
ignition time lag is assumed to be inversely proportional to
A_, as is reported in reference 14. The concept of an energy
loss, however, is questionable for two reasons. The theory
considers the heated zone left by the spark as being at or
near flame temperature so that the time lag should be
insignificant. Also, since time lag is affected by pressure
(ref. 15), a pressure term that might or might not destroy
previous correlations should be included in the equations.
0.02
The term 1--_-, might also be a correction term to the
total energy for variations in energy distribution along the
spark path. As noted earlier, for practical reasons the total
energy of tile discharge instead of the positive-column energy
was used in the ttleoretical calculations, although results
have indicated this latter energy to be the important factor.
Therefore, if the positive-column energy were used in the
theory, the energy would be Es--E_ or E_ \ E_] If the
ratio of cathode to total energy E_/E_ were sufficiently de-
pendent on X,, the discrepancy between theory and experi-
ment could be explained. Figure 27 shows that EJE._ does
actually decrease with increasing XI for both low and high
velocities; however, the decrease is only about 20 percent.
While this correction for cathode energy would improve the
fuel-air-ratio 5orrelation somewhat, a much larger factor is
needed.
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FIGURE 26.--Empirical correlation of ignition energy data (fig. 15)
obtained over fuel-air-ratio range of 0.045 to 0.105.
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to total ignition energy. (Data from ref. 6.)
SPARKIGNITION
There are probably other factors that may be responsible
for the observed discrepancy. Preferential diffusion of
the deficient reactant in the combustible mixture could be a
contributing factor, as discussed in reference 10. Or possibly
some cool flame mechanism that results in different activa-
tion energy in lean and rich mixtures may be present. Both
of these items are qualitatively in the right direction to
account for this difference between lean and rich data.
Actually, a combination oi the above factors may be respon-
sible for the discrepancy. Further research on all the factors
discussed is indicated.
SIGNIFICANCE OF RESULTS IN RELATION TO PRACTICAL
IGNITION PROBLEMS
Most research on spark ignition reported in the literature
has been conducted with quiescent gases; the work contained
herein comprises the bulk of information that is available
on ignition of flowing gases. The purpose of this section of
the report is to point out the significance of this latter inform-
ation with relation to practical ignition problems.
The experimental data on ignition of flowing gases show
that the energy required for ignition is low even under severe
velocity, pressure, and turbulence conditions. The amount
of energy is measured in millijoules, whereas in aircraft oper-
ation an amount of 3 joules or more is not uncommon. It is
obvious that there is room for improvement in ignition. Any
means whereby lower ignition energies would be obtained
would lead to the development of simpler, lighter weight_
more efficient, and possibly, more reliable ignition systems.
One cause of the high ignition energy requirement in en-
gines must be the mixture composition, which is quite differ-
ent h'om the homogeneous composition used herein. The
fuel-air ratio near the line source of ignition in an engine
depends upon the degree of atomization of the fuel, on fuel-
spray and air-flow patterns, and on the rate of vaporization
of the fuel. This localized fuel-air ratio varies with operating
conditions, and at any one operating condition, varies with
time because of the fluctuating flow patterns that are inher-
ently present in eombustors. With these nonsteady hetero-
geneous mixture conditions, the ignition energy requirements
may be many times greater than energy values reported
herein. Temperature may Mso be important in ignition of
the heterogeneous mixture, for some energy is needed to
vaporize the liquid drops, the colder drops requiring
more energy than warmer drops. Decreasing fuel volatility
should also increase the energy requirements. All these
factors can have adverse effects on ignition and, therefore,
pose problems in the design of ignition systems.
Ignition in an engine should occur preferably in a sheltered
region, that is, a region where low turbulence and low velocity
exist. Such a region is difficult to find in the practical jet-
engine combustor. The high mass-flow rates together with
the air-entry-hole arrangements required to achieve high
combustion efficiencies and uniform outlet temperature pro-
files make it difficult to provide such regions. Although tur-
bulence is not desirable for easy ignition, it appears to be
necessary for propagation of the initial flame throughout the
combustor. Therefore, ignition systems must be designed for
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the necessary turbulent condition. However, turbulence by
itself, as shown herein, does not result in excessive energies if
the mixtm'e conditions are suitable.
Low velocities and short spark durations are desirable be-
cause they result in short spark-discharge length. Spark-
discharge length is responsible for many of the trends ob-
served. It determines current, voltage, energy and energy
distribution, occurrence of multiple discharges, and ignition
characteristics. Tile current and the voltage have little prac-
tical significance, but the other factors are important.
Increased discharge length due to either velocity or time
increases the resistance of the discharge and thereby changes
the division of energy among the legs of the discharge, the
line source of ignition, and the impedance of the ignition
source. The larger the discharge resistance, the smaller the
loss in the impedance of the ignition source; hence, the effi-
ciency of the ignition system is actually increased by increased
discharge length. For a low-impedance som'ce this increase
in efficiency may be insignificant, however.
Although the efficiency of the system is improved, the
amount of energy that goes into the line source of ignition is
actually decreased as velocity is increased. Larger portions
of the energy are then wasted in the legs of the discharges.
Thus, as the length is increased with flow velocity and time,
it becomes necessary to increase the total amount of energy
if ignition is to be obtained.
Lengthening of the discharge path is also responsible for
tile occurrence of multiple discharges. Multiple discharges
should normally be avoided because only one of the discharges
may be expected to cause ignition. Tile energy in the other
discharges is wasted. In the case of homogeneous mixtures,
the first of the multiple discharges should cause ignition be-
cause it contains more energy than subsequent discharges.
In the case of heterogeneous mixtures found in engines,
however, one of the subsequent discharges might occur in a
better fuel-air mixture and so cause ignition even though it
has an energy somewhat smaller than tile energy of the first
discharge. Ease of ignition depends upon the actual varia-
tion of fuel-air ratio with time. Without knowledge of this
variation, it is impossible to conclude that multiple discharges
are desirable. It is also impossible to determine what the
energy content and sparking rate should be for tile repetitive
discharges produced by commercial ignition systems. A re-
duction in tile fuel-air-ratio fluctuations would lead to lower
energies and lower sparking rates.
It is noted previously that the smaller tile discharge
length, that is, the lower the velocity and the shorter the
spark duration, the smaller is the amount of energy required
for ignition. However, the ignition energy at extremely
short durations is higher than that found at somewhat
longer durations. This, however, has only been observed
under low-velocity conditions. With high velocities the
short-duration discharge would be expected to require less
energy than the long-duration discharge because of the
reduced discharge length.
This research has indicated another significant fact which
may not be generally known; namely, the breakdown voltage
is not affected by tile flowing stream. It is just as easy to
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establish a spark discharge in a flowing stream as in a quies-
cent one. No voltage limitation is, therefore, imposed on
an ignition system when it is used to ignite a flowing gas.
Finally, the significance of the theoretical research is in
predicting how ignition energy requirements will be affected
by a number of parameters. Exact values of energy may
not be given by the theory, but at least the order of magni-
tude of energy change can be predicted. The results con-
firm the concept of a line source of ignition.
This research may be summarized to give the following
ideal environmental conditions for ignition by electrical
discharges:
(1) Low gas-stream velocity
(2) High pressure
(3) Location of discharge in best mixture composition
(4) High gas-stream temperature
(5) Low turbulence in gas stream
(6) Optimum spark duration as dictated by gas-velocity
condition
(7) Electrode spacing maintained at quenching distance
(8) Small electrodes, if electrode spacing is less than
quenching distance
(9) Arc discharge in preference to glow discharge
These conditions are desirable from ignition considerations
only. For over-all engine operation, all of the conditions
may not be practical.
LEWIS FLIGHT PROPULSION LABORATORY
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
CLEVELAND, OHIO, June 20, 1956
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